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ABSTRACT

The development of an efficient low-loss transition from a

1 conventional metal waveguide to a planar dielectric guide of rectangular

cross-section is presented. Such a transition finds important applica-

1. tions in millimeter-wave integrated circuits. We also present an

Lapproximate but accurate analytical method based on experimental results

for predicting the coupling characteristics of both synetrical and

ji nonsyimetrical dielectric couplers of rectangular cross-section.
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I. INTRODUCTION

As frequency is extended to the millimeter-wave range, the

integrated circuits using the low-loss dielectric waveguide and image

guide as guiding media become very popular. But at current technology,

most of the power sources are active devices which are implanted

in a metal waveguide. Thus, in order to efficiently transfer the

energy from the propagating modes in the metal waveguide to the dielectric

waveguide, or vice versa, a well-designed transition is essential. The

metal-to-dielectric waveguide transition can also be effectively employed

in a millimeter wave integrated circuit to expand the basic circuit

configuration without further degrading the performance of the circuit.

An efficient, practical transition must be small, easy-to-fabricate

and low loss. The combination of these constraints presents a great

challenge to the designers. At present, however, there is little infor-

mation available in the liturature on the design and performance of such

a transition.

If the excessive radiation caused by the mismatch at the feed

ends can be reduced by using an efficient transition, it is possible to

study the coupling characteristics of the opened-structure dielectric

components without any interference from strayed radiation. The

investigation of the coupling characteristics of the dielectric components

is extremely important since, with the increasing use of the dielectric

materials as opened-structure guiding media, the interactions among these

components become unavoidable.

The coupling characteristics of the dielectric waveguides have

been studied by several authors (1], (21, (3]. More recently, Itanami [4]

j- and Anderson (51 have presented approximate calculations for the coupling
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between two symmetrically curveg 4telectric waveguides. Solbach (6] has

computed the coupling between two straight dielectric waveguide sections

which have symmetric curved ends. All of the coupling structures

mentioned above are symmetrical in nature. In this investigation, the

techniques for calculating the scattering coefficients of nonsymmetric

structures are discussed.
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II. METAL-TO-DIELECTRIC WAVEGUTDE TRANSITION

The simplest and still widely used metal-to-dielectric transi-

tion with millimeter-wave applications is a straight dielectric

waveguide, tapered in both the E and H planes, and inserted into a

truncated conventional metal waveguide. Because of the abrupt discon-

tinuity between the metal and the dielectric waveguide, a large amount

of energy is converted to radiation. The launching efficiency is degraded

due to this radiation loss.

To improve this launching mechanism, several transition configu-

rations were investigated. After a large number of initial experiments,

the most practical and efficient configuration was narrowed down to the

dielectric tapered section fed by a flared metal horn, which is shown in

Figure 1. The dielectric waveguide should be slightly smaller than the

inner dimensions of the metal waveguide section. A detailed discussion

*is described next.

A. Tapered Dielectric Waveauide Section

As a first step, two tapered dielectric waveguide sections

were constructed, one of which was tapered both in the E- and H-planes

and the other in the H-plane only. The dielectric material used was

4Teflon with E - 2.057 and tan8 - 6.OxlO . A sketch of the taperedr

dielectric waveguide is shown in Figure 2. The solid lines correspond

to a taper in the H-plane only, whereas the dotted lines show the taper

in both planes. A study of these two tapered sections revealed that for

taper lengths on the order of 4 X or greater the two configurations

performed essentially identically. Hence, for the sake of simplicity, in
L. the future experiments, the length of the tapered section was chosen

I.
-i

. . .. ... . . - ! .. . m' '
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to be about 5Xg and the guide was tapered only in the H-plane. The

single plane dielectric taper greatly simplified the fabrication of the

transition region of the dielectric waveguide.

B. Flared Metal Horn

In order to keep the length of the metal horn as small as

possible, the horn length L was chosen to be less than 2 X0* Thus, the

principal design parameter of the horn that needed investigating is its

flare angle 8 (see Figure 3).

Typically, for the type of dielectric waveguide being considered

here, a large percentage of the power in the propagating modes is

carried by the medium external to the guide. For a relatively large

aspect ratio of the cross section of the guide, the energy is principally

concentrated above and below the guide. Consequently, the flare angle

in the E-plane has a dominant effect on the behaviour of the transition.

Experimental studies confirm that only the flare angle in the E-plane

had a significant effect on the performance of the transition. For this

reason, the horn angle in the H-plane can be chosen almost arbitrarily,

and the angle of the E-plane taper was used as the variable parameter.

It is important to realize that the aspect ratio of the

dielectric waveguide has been deliberately chosen to be large, which is

the case for many practical applications, in order to minimize the field

intensities in the H-plane outside of the dielectric waveguide. By

doing so, most of the energy is concentrated only above and below the

dielectric guide. The investigation is therefore simplier due to the

fact that only the flare angle in the E-plane needed investigating.

ii
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C. Loss Characteristics

C.l. Return Loss

For a system consisting of two transitions and a dielectric

waveguide section of roughly 40 X0, the return loss was measured as a

function of frequency for various E-plane tapered angle e. The result

is shown in Figure 4. When the flare angle 8 was varied from 22-39 degrees

for a fixed horn length, the return loss remained less than 16 dB

(VSWR < 1.4) throughout the frequency range. For the sake of clarity,

only the return loss of the systems with the flare angles 6 - 22, 30

and 39 degrees were plotted, although many other angles were studied.

In order to illustrate the significant improvement achieved

by a proper choice of the flare-angle range, the results for the two

extreme cases, viz., e - 90 and 6 - 0 degrees which are still extensively

employed in many IMWICs, are also presented (see Figure 5). At many

instances, the return loss for these cases is less than 6 dB (VSWR > 3.0).

C.2. Insertion Loss

The total insertion loss comprises the dielectric loss of the

waveguide and the loss due to the transitions. In order to isolate

the dielectric loss, the system was measured for two different lengths

of guide, and the loss figure for the shorter length was subtracted

from that of the longer one. This procedure eliminates the loss

contribution due to the two metal transitions, thus yielding the loss

figure for the dielectric waveguide alone (4], (7]. Figure 6 shows the

computed and experimental results for a 3.0 mm wide and 1.5 mm high

dielectric waveguide made of Teflon with Er - 2.057 and tan6 = 6.0x10 4.
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The total insertion loss for a dielectric waveguide section

of 40 X0 long and two transitions is shown in Figure 7 as a function of

frequency for various horn angles 9. The loss due to two transitions

alone was obtained by subtracting the loss of the dielectric waveguide

section, which has been described in the previous paragraph, from this

total loss. Figure 7 shows the loss due to the mismatch at the transitions

to be on the average of 0.5 dB, and always less than 1 dB throughout a

broad frequency range from 79 to 86 GRz. This loss figure is believed

to be satisfactory by any standard.

As a comparison, the very high insertion losses of the transitions

with the conventional flare angles, i.e., e - 0 or 90 degrees, are also

presented.

D. Final Metal Horn Transition Confixuration

On the basis of this study, the flare angle 8 in the E-plane

was henceforth fixed at 31 degrees. Using the ratio of E- and H-plane

dimensions of an ordinary horn as a guide, the corresponding flare angle

in the H-plane was chosen to be 35 degrees although, for the given

guide dimensions, the flare angle in the H-plane can almost be chosen

arbitrarily. The final design of the horn obtained in this manner is

shown in Figure 8.

E. Applications

With the radiation losses reduced to a minimum figure, a well-

designed metal-to-dielectric transition described above finds many

useful applications in a millimeter-wave integrated circuit. By employing

these transitions, a basic circuit configuration can be expanded considerably
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by adding independent circuit elements, such as tunning or active devices,

without further increasing the loss to the circuit. Another important

application is the excitation of the integrated dielectric antennas

which is illustrated with the example of a slow-wave dielectric rod

antenna excited by a metal waveguide.

As may be expected, an inefficient transition causes undesirably

high side lobes to appear in the radiation pattern of the antenna. To

demonstrate the significant improvement achieved by the use of a well-

designed transition, the radiation pattern of a slow-wave dielectric rod

antenna of 40 mm (_ 11 X 0) in length excited by the transition horn

described above was compared to the radiation pattern of the same antenna

excited by an ordinary truncated metal waveguide. The results are shown

in Figure 9. The antenna with the horn launcher has more than 2 dB gain

over the same antenna using the ordinary truncated launching waveguide.

Moreover, the side lobes due to feed end radiation of the antennas

excited by an ordinary launcher are very high.

For a 25 mm long dielectric rod antenna, if the transition

horn is employed, the directive gain is about 24 dB and the side lobe

suppression is clearly evident. Again, due to the feed end radiation,

the main beam of the antenna excited by the truncated metal waveguide

is distorted, and the side lobes are high. This is shown in Figure 10.

V It is also interesting to observe that the metal horn, when

used as an antenna, has lower directive gain than the short dielectric

antenna using the same metal horn as a launcher. The null-to-null beam

width of the metal horn is about 40 degrees broader than the dielectric

antenna employing the metal horn launcher. This is shown in Figure 11.

I.
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III. COUPLING CHARACTERISTICS OF DIELECTRIC WAVEGUIDES

A typical millimeter-wave integrated circuit is shown in

Figure 12 [8]. It contains an oscillator, a balanced mixer, a 10 dB and

a 3 dB directional coupler, a band reject filter and a channel dropping

filter. The port 2 can be connected to an antenna or to another

millimeter-wave integrated circuit either directly or with the help of

the metal-to-dielectric transitions described in the previous chapter.

In this circuit, it is easy to recognize that the filters (or resonators)

consist of several directional couplers themselves, since part of the

band reject filter is a nonsymetric coupler, and the channel dropping

filter consists of two nonsymnetric couplers and a non-uniform spacing

symmetric coupler. Hence, apart from the active devices, the dielectric

directional couplers play an extremely important role in a millimeter-

wave integrated circuit. For t.,is reason, it is necessary to study the

coupling characteristics of these couplers in great detail. Only the

dielectric waveguide structure is discussed here although the same analyses

can be directly applied to other guiding structures such as image guide,

inverted strip or insular guide.

A. Simple Distributed Directional Couplers

Consider the cross-sectional view of the coupled structure

at the plane z - 0 in Figure 13. The summetry about the x - 0 plane

suggests that the fields are either symmetric or antisymmetric with respect

to that plane. Consequently, as shown in Reference 2, the propagating

modes of the coupled structure are either symmetric (keven) or antisymmetric

(ko). Assuming that fundamental E11 mode is launched from a conventionalodd 1

L metal waveguide, the two wave numbers keven and kodd are given by

c
M - - m , ' ... .... .. - -
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even jJ k~ exp (-d/Q)
a k I1±2 2 22 1 (1)

k z xa( +
kodd z ~~

where k and k are the transverse and longitudinal propagation constantsx z

of a single guide, respectively, and can be derived using the generalized

effective dielectric constant method (see Appendix A); d is the spacing

between the two guides; and is the field decay coefficient, i.e., the

distance over which the fields decay by e"1

- (re -l)k2 - k 2) (2)

In expression (2), the relative dielectric constant of the

material has been replaced by the effective dielectric constant which

is given as

Ere = Er - (ky/k0)
2  (3)

k is also obtained by the generalized effective dielectric constanty

method.

It should be mentioned that in a recent paper by the same

authors [9], two values of 9 had to be determined, and more approximations

were made. The approach used here is believed to be superior.

A simple distributed directional coupler of length t is shown

in Figure 14. The port numbers are defined by the usual convention.

Since, in a coupled structure, it is the interaction of the symmetric

and antisymmetric modes of the propagation constants that induces the

coupling between the two dielectric waveguides [2], the scattering

coefficients for the coupling section can be expressed as (see Appendix B)

Ii!
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Is3 - Sin( kevenk odd £) (4)

Is21 I a ICoos k ven-koddA) (5)

where I is the total coupling length of the coupling section; and

(kven-kodd)/2 is defined as the coupling coefficient. It is obvious

that the larger the coupling coefficient, the stronger the degree of

coupling between the two guides.

B. Analyses of Practical Coupling Structures

B.1. Nonuniform Spacing Symmetric Couplers

In practice, most of the coupling structures are more compli-

cated than the simple distributed directional coupler described in

the previous section. One of the popular configurations is the symmetric

coupler with nonuniform coupling spacing as shown in Figure 15.

For the radius R sufficiently large, the wave numbers of both

guides can be assumed to be identically equal to that of a straight

guide. In a dielectric waveguide, the equiphase fronts of the propagating

modes are normal to the axial propagation direction. We assume that,

with the existence of the second dielectric guide, these fronts are

cylindrical planes. Consequently, the separation distance between the

incremental coupling lengths oi the two lines is given by the arc length L.

The total coupling of the two lines is the summation of the coupling

from these incremental coupling lengths. The spacing d in (1) is

replaced by L, which for the symmetric structure of Figure 15, is given by

L - 2r8 (6)

where e is the angle from the incremental coupling length to the center

1.
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Figure 1.5. Non-Uniform Spacing Syumetric Coupler
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line; r is the radius of the cylindrical phase fronts which can be expresoed

as a function of e as

d0 +2(R+a/2)(l -cos0)
= . . .. . .(7)

2sinO

where d is the smallest spacing between two curved dielectric guides.

The scattering coefficients can be derived by substituting

(6), (7) and (1) into (4) and (5) and using A - Rd to get

Is31 1 - Isin(KI,) (8)

and Is 2 1 1 - jcos(u 5:S)j (9)

where K a 4 2 (10)
k 2 (l+k; )

and

1/2 x 9t dO+2(R+a/2)(t-cose)j 
-i eo esnGd

In these equations, the integral form has been used for the

sumation of the couplings from all incremental coupling lengths. The

experiuental and calculated results of 1S2 1 1 and IS3 1 1 as a function

of the spacing d0 are plotted together as shown in Figures 16 and 17.

The guide dimensions are shown in Figure 13.

B.2. NonoXmetric Couvglers

Another very important class of dielectric couplers is the

nonsymetric coupler shown in Figure 18 wher- ports I and 2 are cau-ected

by a straight dielectric guide, 3 and 4 by a curved dielectric guide.1.
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Figure 18. Non-Symmietric Coupler
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The energy is excited at port 1. Using the s2me arguments as before, i.e.,

the wavefronts are normal to the axial propagation direction and these

fronts are cylindrical planes, the separation distance between the

incremental coupling lengths of a nonsymmetric coupler becomes

L - re (13)

d0 + (R +a/2) (1 - cose)
where r "(14)

sine

The integral expression for the summation of the couplings of

all incremental lengths for this structure can be expressed as

I /2 - ed 0 + (R +a/2) (1 - cose) }.1
'n o exp- d. (15)

Up to this point, the coupling coefficient for the nonsyimetric

coupler is derived using the assumption that the propagation constants

of the curved and straight dielectric guides are identical. For

most practical cases, this assumption is not valid. The difference in

the propagation constants of the two guides will inevitably degrade

the coupling coefficient which so far is assumed to be ideal. Experimental

values of the coupling coefficient are always much less than the

theoretical values. Hence, it is necessary to multiply the derived

." coupling coefficient by a correction factor v. The scattering coefficients

for a nonsymmetric coupler become

is311 - Islin(AI n)l (16)

Is211 Icos(v'Kn) (17)

.

IIIII I' '
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where u is determined from experiment and, in general, depends on the

operating frequency and the curvature of the curved guide. For a given

frequency, it is fortunate that only one simple experiment is necessary

to determine v (usually on $21 since it is easy to measure). Once

obtained, the same value can be used for all other computations. For

most practical cases, v varies in the range from 0.5 to 0.7. Table 1

shows some typical values of u for different frequencies and radii of

curvature. Higher values of V correspond to higher operating frequencies

and larger radii of curvature. Figures 19 and 20 compare the experimental

and the calculated results for the scattering coefficients at various

frequencies as a function of the guide spacing dO.

B.3. Coupling Structure Incorporating a Straight Coupling

Section with Two Nonsymetric Curved Arms

Sometimes it is desirable to design a coupling structure that

is capable of transferring all energy from one guide to the other.

The two structures described in the previous sections by themselves do

not have that capability unless the radius of the curved guides becomes

prohibitively large. The coupling can greatly be improved if a straight

dielectric waveguide section of length to is inserted between two curved

connecting arms. The structure with symmetric connecting arms has been

investigated by other authors 16] and is not mentioned again.

The coupling structure in which a straight coupling section

20 is inserted between two nonsymmetric curved dielectric guides is

shown in Figure 21. Port 1 to 2 is a straight guide; from 4 to 3 is a

straight guide inserted between two curved dielectric guides. Since

the field distributions at the junction between the curved and straight

guides have to be continuous, the total coupling of the structure is
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TABLE I

TYPICAL VALUES OF THE CORRECTION FACTOR
v FOR NONSYMNETRIC COUPLERS

Radius (cm) Frequency (GHz) Correction Factor

8.5 0.58

18.9 9.0 0.63

(R/a -8.3) 9.5 0.64

10.0 0.69

8.5 0.56

21.42 9.0 0.61

(R/a -9.43) 9.5 0.64

10.0 0.68

8.5 0.55

23.96 9.0 0.61

(R/a l10.55) 9.5 0.64

10.0 0.68

E
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do A:

Figure 21. Coupling Structure Incorporating a Straight Section
and Curved Connecting Arms
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the sum of the coupling from the straight section and that from the

curved connecting arms. Consequently, the scattering coefficients for

4 this structure become

k ve () kodd(a) keven(c)_-kodd_(c

Is3 I - Isinv(ke+en() 2 1keven (c )kdd(c) L)I (18)

and Is211 - (1-Ist2 (19)

where v is the same correction factor that was obtained for a non-

symetric coupler (see Section B.2). In Equation (18), the first term

inside the argument is for the uniform spacing section, and the second

term is for the nonsymetric coupler.

If keven and kodd are substituted into (18), the scattering

coefficients can be rewritten in the form

-do/A

I1s3  " Isin(K - +1n ) (20)

The experimental and calculated results of Is21I and Is I

as a function of the guide spacing d0 are plotted together and are shown

in Figures 22 and 23.

C. Experimental Verifications

Experiments were carried out in X-band because the component

sizes are more manageable and the measurements are more accurate. To

reduce the effect of the large mismatch caused by reflection and radiation

in normal launching devices, the fundamental E 1 mode was launched from

an improved rectangular horn as described in Chapter I.

L

E
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The guiding media were fabricated from plexiglass (Er  2.6).

The curved sections were made sufficiently large to reduce the effect of

radiation since the purpose of this investigation is to study the coupling

characteristics only. The whole structure is supported by bubble

styrofoam (Er s 1) and surrounded by absorbers to eliminate stray radiation.

The propagation constant of the single guide was determined

by the generalized effective dielectric constant method. It is

interesting to note that for a symmetric coupler even though the sepsration

between the two guides is larger than for a nonsyummetric coupler, the

coupling of the symmetric coupler is more pronounced than the latter one.

Also, for a given radius of curvature, the coupling is decreased by

increasing frequency.

For the coupling structure where a straight section is inserted

between two curved arms, we still have to multiply the coupling coefficient

by a correction factor v in order to match the experimental and theoretical

results. In all experiments, if the energy is excited at port 1 of the

straight guide, the correction factor for the straight section assumed

the same value as that for a nonsymmetric coupler. This is desirable

since only a very simple measurement is made to obtain a value for the

correction factor, and this value is used for all computations of both

structures. The multiplication of the coupling coefficient of the straight

section of the coupling structure in Figure 21 by a correction factor, which

for moat practical applications varies between 0.5 to 0.7 (see Table I) shows

that the coupling of a nonuniform spacing symmetric coupler is very strong.

The reason for this is the fields at the convex side of each curved guide

decay very slowly and extend very far into the air medium. As a result,

JU
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the interaction between the propagating modes is very strong. For a

nonsymetric coupler and the coupling structure shown in Figure 21, apart

from the fact that the propagation constants in each guide are different,

the fields outside the straight guide decay so fast that the interaction

between the propagating modes becomes minimal.

Scattering coefficients of various coupling structures were

measured and compared with calculated results. Experimental results agree

well with calculated values throughout. The scattering coefficient

IS411 has been ignored in all figures since it is less than 25 dB for all

measurements.
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IV. CONCLUSIONS

A small, low loss and easy to fabricate metal-to-dielectric

waveguide transition has been designed for applications in millimeter-

wave integrated circuits and antennas. Since no dimensions are critical,

manufacturing is inexpensive. The loss figure of less than 0.5 dB per

transition has been obtained for a broad frequency range with a relatively

small transition length.

With the use of these transitions to reduce the radiation from

the feed end of dielectric guides that may interfere with the normal

operation of the dielectric components, the coupling characteristics of

various structures were accurately investigated experimentally and

theoretically. For a nonsymmetric coupler, it is only necessary to make

one simple experiment to determine the correction factor for the coupling

coefficient. Once obtained, this value can be used for all other

computations. Comparisons of calculated and measured scattering coefficients

are very good.

L L
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V. APPENDICES

A. Appendix A: Generalized Effective Dielectric Constant Method

In the past, several authors have attempted to find the exact

solutions for the propagation constants of a dielectric waveguide [10],

(111 using infinite systems of linear equations. For many applications,

these approaches are impractical since they needlessly require too much

computation. Unless a very large number of terms are used, the result

can be doubtful.

A simple analytical approach for calculating the propagation

constants was introduced by Marcatili [2]. In his analysis, the transverse

propagation constants were obtained by assuming that the dielectric wave-

guide can be treated as a homogeneous slab in both the x- and y-directions.

Therefore, k and k can be obtained independently. If the surroundingx y

medium is assumed to be free space, the transverse propagation constants

for the Ey modes are solutions of the eigenvalue equationspq

kb - qw - 2 tan-l( y (A-l)
y Er

ka=p'r- 2 tan- (k) (A-2)

in which

Ti((Er - 1)k -k2)-1 (A-3)

6-((E r- 1)k~ 0-kX (A-4)

Vwhere E ris the relative permittivity of the dielectric material, and
..

hand 9 are the field decay coefficients in the y and x direction,

respectively.

L l I I [ i I I I 1. ., = .. Ill
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However, this simple approximation failed to predict the

propagation of the fundamental mode at low frequencies. The effective

dielectric constant method [121 was considered a slight modification

to Marcatili's approach.

In the new method, k and k are related through the effectivex y

dielectric constant and the eigenvalue equations. Since this concept

has been studied extensively elsewhere, only a brief discussion is

given here.

Consider a rectangular dielectric waveguide extending to + =

in the x direction as a dielectric slab. The eigenvalue equation (A-1)

for k is obtained by matching the tangential field components at
y

y M + b/2. Once obtained, this transverse propagation constant k is- y

assumed to be the same as that of the original dielectric waveguide.

Since it has been transformed into a slab in x, the dispersion relation

becomes

k 2  Ek - k k0 + (A-5)
z rO0 y 0

and from this equation, the effective dielectric constant E is defined

rey

*1as k 2  2

e -z (r- e (A-6)Erey k0 0

The dielectric waveguide is now transformed again into an

infinitely long slab in y with the relative dielectric constant

replaced by the effective dielectric constant (A-6) which takes into

account the propagation in the y-direction.

The eig,4nvalue equation for kx which is obtained by matching

Lt,.f tangential field components, is shown as Equation (A-2) with

iI
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replaced by eff where

! k = rey2 . 2 =2 + 2

k E k k 2 gg (A-7)z rey0 ~x 0 eff

and -((E - Uk 2 - k 2 )(-8
eff rey 0 x(A)

In short, k was obtained from k through the effective

dielectric constant Erey' and the longitudinal propagation constant of

the original waveguide is given by

k2 = Erk0 - k2 - k2  (A-9)z r0 x y

Obviously, this sequence can be reversed by first transforming

the dielectric waveguide into a slab in y with the dispersion relation

2 *~ 2 _k2 "I 2  2AlOz r " x 0 (A-10)

from which the new effective dielectric constant is obtained

2
rex Er - (k/k0 ) (A-Il)

where k is obtained from Equations (A-2) and (A-4).x

With the new effective dielectric constant for the transformed

dielectric waveguide to compensate for the propagation in x, the dielectric

waveguide is now extended to a slab in x with the relative permittivity

replaced by the new effective permittivity E rex  The transverse propagation

. constant k is the solution of the following eigenvalue equationy

kb qf - 2 tan' y- -e) (A-12)Erex

L
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and eff is obtained from the following dispersion relation:

k2 E 2 . k2  k 2 + 2(A-3)z rexk0 y 0 eff

Hence, for this sequence, k is indirectly related to k through they x

effective dielectric constant E . The new sequence of the effectiverex

dielectric constant just described above is believed to be equivalent to

the effective permeability derived by other authors [131, (141 through

different procedures and explanations.

Since each method has its own merit, and k and k are relatedx y

through either Erex or Erey, it may be desirable to combine these two

approaches to obtain a "generalized" effective dielectric constant method.

To do so, the dielectric waveguide was first transformed into a dielectric

slab in the x direction and ky1 was obtained by using Equations (A-l) and

(A-3). kxl is then obtained from ky1 using the effective dielectric

constant rey . So far, it is the original effective dielectric constant

method described by Knox and Toulios. However, a new value ky2 is obtained

from kxl using the effective dielectric constant Erex . These steps were

described from Equations (A-10) to (A-13). Then kx2 is obtained from k

using the effective dielectric constant E again, and so on. After arey

few iterations, the transverse propagation constants k and k willx y
converge, and from which, the final axial propagation constant k is

obtained. Some experimental and theoretical results obtained by equivalent

procedures were presented in Ref. 13. All of the propagation constants

and field decay coefficients in Chapter 3 were obtained by this generalized

effective dielectric constant method.

L
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B. Appendix B: Determination of Scattering Coefficients

Consider again the distributed directional coupler of Figure 14.

If port 1 is excited, the energy is coupled to port 3. From the

directional properties of the dielectric coupler, and with the assumption

that there is no reflection at either end of the coupler, no energy is

coupled to port 4. With port 1 excited by an electric field of normalized

amplitude E1 = 1, we have

E 1(0) - 1/0 (B-1)

EII(0) - 0 (B-2)

and for 0 < z < I

-jk zevenZ -jk zoddZ

EI(z) -Ee ee + o dd (B-3)

-jk evenZ -jkoddz
E11 (z) Ee - Eoe (B-4)

where EI(z) and Eii(z) are the fields along the guides I and II; Ee

and E0 are the amplitudes of the fields of the even and odd modes of

the coupled structure; and k and k are the propagation constants
even odd

of the even and odd modes, respectively.

Since the coupler is symmetric about the z-axis, the even and

odd modes will carry equal amounts of energy. Letting E. E 0 and z - A,

Equations (B-3) and B-4) become

1t -k A -J koddI). EI ( > -t- ("~e (B-5)

E. C ( ei (ee odd) (B-6)11 2
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where t and c are the transmission coefficients relating port 1 to 2, and

port 1 to 3, respectively.

These equations can be rearranged as follows:

jevenkoddp I k -k

t e 2  Cos evn dd)(B-7)

and

(k vnkodd ~ k -k

c -je 2 'sin( even odd 1) (B-8)

The scattering coefficients are defined as

Is Iti - Icos(evnod£) (B-9)

!s31i l f jfsin( even2 odd)(B-)

where, by conservation of energy, Is 2.1 and Is 31! satisfy

is 1I2 + Is3112 
-1.(-i

21 3
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